Strength, abrasion resistance, load at 5% strain (modulus), and strain recovery of dry lay spunlace fabric are improved by the addition of small amounts (<5%) of acrylic latex binder in the form of a collapsible foam. Bending rigidity is somewhat increased.
Introduction
Spunlace (hydroentangled) fabrics provide an outstanding balance of aesthetics and performance. However, fibers in spunlace (hydroentangled) fabrics are relatively easy to disentangle because of the frictional nature of the fiber bonding. Therefore, these fabrics have weak abrasion resistance, relatively low modulus and poor recovery from the small strains encountered in fabric processing to finished goods. This can be corrected by entangling the fabrics at high levels of specific energy, or saturation bonding the fabrics with chemical binders. Both these methods have their disadvantages: 1) high specific energy increases production and filtration costs, and 2) chemical binding at both high and low levels of saturation (dipping the entire fabric into a latex bath) have been reported to yield significantly stiffer fabric, causing loss of hand and drape [1, 2, 3, 4] . Addition of relatively low amounts of binder in saturation bonding systems has been reported to reduce the stiffness penalty [5, 6] and foam bonding has been investigated as a way to introduce clay into the fabric structure [7] .
The purpose of this research was to see if very low levels (<5%) of acrylic latex binder applied as a foam to hydroentangled, carded and cross lapped fabric of cotton, acrylic and polyester produces an improved balance of tensile properties, abrasion resistance and fabric aesthetics. We used two synthetic fibers, polyester, and acrylic, and one natural fiber, cotton, to make the hydroentangled fabric. The properties and suppliers of these fibers are listed in Table 1 . Rohm and Haas binders Rhoplex® NW-1715 and Rhoplex® NW-1845 were used for foam bonding. The foaming agent was Unifroth 0144 supplied by Unichem Inc.
Experimentation
Round Cross Section Fibers were carded using a roller top card, cross-lapped on a jigger lattice cross lapper to achieve a final web basis weight of 50 g/m 2 . Webs of each fiber type were then hydroentangled (Honeycomb unit) in a second step at three energy levels (1800, 3600 and 7100 KJ/kg) and dried. Next we used a Gaston County Foaming System in conjunction with a horizontal applicator and roll mechanism [8] to apply foam binder. Foam was generated and applied through a pressure applicator. A driven presser roll was used to force the foam to penetrate the substrate resulting in quantitative application.
The foam mix consisted of water, acrylic latex binder and foaming agent. There were two critical requirements for a foam with adequate stability to achieve both uniform surface coating and adequate fabric penetration: 1) a foam half life in air of 4 to 5 minutes achieved by controlling foaming agent concentration at 0.5 % bwt, and 2) a 10:1 blow ratio of air to liquid in the generator. Table 2 summarizes the experimental design. Because mechanism changes fiber to fiber were anticipated, a full statistical matrix was not used. To provide statistical significance, and to measure the degree of repeatability, a replicate set of samples was made at the 1.25, 2.5 and 5.0% add-on levels. A total of 36 replicate samples were made.
Fabric breaking load, % elongation at maximum load, and the load at 5% strain were measured on an Instron 4400R using the ASTM D-1682 strip tensile test method [9] . Each sample tested was of size 2.54 cm x 20.32 cm., speed of testing was 30.48 cm/min, and gage length was fixed at 7.62 cm. Bending rigidity was measured by the Cantilever principle using ASTM D-1388-64 cantilever bending test [10] . The samples used were 2.54 cm x 20.32 cm. Abrasion resistance was measured on a Taber Abrasion Tester using ASTM D-3884-92 [11] standard abrasion test method. Four fabric samples, each 12.7 cm x 12.7 cm dimensions, were tested. Two CS-10 abraders attached to 500 gm weight were used to abrade the samples. The vacuum level was kept constant at 100 mm of Hg for all samples. The abrasion resistance was measured as the number of cycles of abrasion the fabric withstood until its surface was completely abraded.
Wet and dry recovery tests were performed on the Instron. Sample size was 2.54 cm x 20.32 cm, the gage length was fixed at 7.62 cm, and the strain rate was 400% per minute. Five samples of each fabric in the machine direction were stretched to 5% strain and were then relaxed at a rate of 400% per minute. Load vs. Strain (%) curves were then plotted for each fabric and the recovery (%) was then calculated from the graph for each specimen by R= (R s /I s ) x 100 (1)
Where: R = % Recovery R s = Recovered strain, % I s = Initial applied strain, %
The ratio of machine direction (MD) and cross direction (CD) values for dependent variables which are direction sensitive (for example break strength and elongation) was nearly constant, and their response to the independent variables was consistent, so MD and CD values for these variables were averaged to simplify the analysis. Results from the two replicate data sets were statistically indistinguishable at the 5% level in the t-test so replicate and initial sets were further averaged to better display property trends. These observations are all consistent with improved fiber bonding.
Results

A. Stress / Strain Curves
B. Maximum Break Load
Fibers differ in their ability to convert water jet energy into entangled fiber bonds and so binder free maximum break load differs greatly. For example, when 3600 kJ/kg is applied to polyester, cotton and acrylic fibers break loads for the fabrics were 48, 14 and 4N/2.54cm width respectively. Webs of acrylic fiber hydroentangled at 1800 kJ/kg acted more like unbonded bats than fabric, and were excluded from further analysis. Figures 4, 5 and 6 illustrate the effect of adding foam binder to the system. In general, the poorer the binder free hydroentanglement, the greater the relative improvement realized with foam bonding.
Elongation at Maximum Load
Elongation at maximum load in nonwovens is, in general, inversely related to maximum load carrying capacity. As indicated in Figures 7, 8 and 9 the change in elongation when low levels of binder are added is greatest for those fibers which are poorly bonded by hydroentangling.
Load at 5% Strain
The stress/strain curves of nonwovens are highly non-linear (Figures 1, 2 and 3 ) so the modulus is difficult to define. In this study, nearly all the fabrics had linear curves up to 5% strain, so comparison of load at this strain level should provide insight into fabric response to strains encountered in converting to the final commercial article. Figures 10, 11 and 12 addition of extremely small levels of binder dramatically increases fabric initial modulus no matter how efficiently the fabric is hydroentangled in terms of break strength and elongation. This improvement, which ranges between 2 to 6X, has potential for improving fabric processability during the converting process.
As indicated in
E. Fabric Bending Rigidity
Bending rigidity was used as a rough measure of fabric hand. Rigidity increased roughly proportionally with binder loading for all three fibers (Figures 13, 14 and 15) . Therefore one expects that fabric hand will of necessity need to be traded for the beneficial improvements in tensile properties and abrasion resistance.
Bending rigidity can also be estimated from tensile behavior using the classical equation:
Where M is the bending rigidity, E is the fabric Young's modulus, and I is the fabric moment of inertia, in this case a constant.
Assuming that Young's modulus is proportional to load at 5% strain (L 5% ) we have:
E =k 1 ( L 5% ) (3) where k 1 is a constant. So, the bending rigidity becomes: M = k 1 (L 5% ) (4) Figure 16 , which contains plots all data points for all three fibers at all binder levels, confirms these assumptions. We believe, therefore, that a simple determination of load at 5% strain can be used to characterize bending rigidity, possibly with greater accuracy than the rather error prone direct measurement itself. Multiple R=0.95, R-square=0.90
Fabric Abrasion Resistance
Fabric abrasion effects are dominated by the presence of poorly bonded surface fibers which become entrapped in the abrading material, increase the intensity of the abrading surface, and lead to early fabric failure. Addition of extremely small amounts of binder provide a 1.8 to 2X improvement in fabric performance for all three fiber systems at all energy levels (Figures 17, 18 and 19) . The mechanism appears to be one of reducing the number and length of poorly bonded surface fibers.
Fabric Recovery from Small Strains
In the course of processing from roll goods to finished article, nonwoven fabrics are subjected to small strains in machines which are much stronger than the fabric. To preserve dimensional stability it is desirable that all strain is recovered by the fabric. In fact, this is rarely the case. We studied this by straining our fabrics 5% and determining the amount of strain recovered as the load is reduced to zero. Figure 20 is a typical stress strain curve for such a trial.
The addition of small amounts of binder to both polyester and acrylic fabrics significantly increased recovery (Figures 21  and 22 ). In the case of polyester 2.5% binder increased recovered strain from about 60 to 85%. For acrylic fabrics the improvement was from 55 to 80%. Dimensional stability of both fabrics should therefore improve.
The curious increase in load as strain is decreased from its maximum is a commonly observed effect having to do with a lag between the response time of the instrument force and strain measurements. This could be eliminated with slower strain rates or software modifications taking into account the force measurement response time.
The behavior of cotton was different. As indicated in Figure 23 , strain recovery for binder-free cotton fabric was relatively good, particularly at the higher energy levels. Addition of binder did not provide the dramatic improvement encountered with the synthetic fibers.
There is some evidence that this is a hydrogen bonding effect. First, raw cotton was used, and the recovery improved significantly between the two lowest energy levels suggesting that washing off the natural finish oils caused the effect. Secondly, adding water, which breaks hydrogen bonds, reduced recovery from 80 to 70%, but insufficient trials were carried out to eliminate lubrication and water/binder interaction effects.
The picture suggested is that bond sites are composed of three types of bonding: frictional Additional work aimed at elucidating this mechanism, as well as using small amounts of cotton, or other cellulosics in hydroentangled fabrics to enhance strain recovery, appears justified.
Binder T g
A two sample t-test with unequal variance was used to compare two binders, Rhoplex® NW-1715 and Rhoplex® NW 1845, at the intermediate 3600 kJ/kg hydroentanglement energy level. The t tests showed that the two binders were not statistically distinguishable for any of the dependent variables tested. We suspect that at these low binder levels, the modulus of the binder itself is less important than in saturation bonding at the 10 to 20% binder level.
Discussion of Results
Addition of small amounts of binder in foam form involves trading one physical property off against another. In general, adding binder increases break strength, modulus, abrasion resistance and strain recovery at the expense of fabric stiffness and elongation. The tradeoffs appear particularly interesting for the polyester fabric. Some typical property balances are presented in Table 3 . In this case, hydroentaglement energy can be decreased by a factor of 4 and a satisfactory fabric obtained by adding as little as 1.25% binder. Further improved properties can be obtained at the expense of fabric rigidity by increasing either binder or energy. Similar property balance choices for cotton and acrylic are presented in Tables 4 and 5 . Cotton is quite interesting in that low levels of binder provide less improvement than with the synthetic fibers. We suspect this is caused by hydrogen bonding.
Summary and Conclusions
The addition of binder to hydroentangled fabrics of polyester, cotton and acrylic significantly increases the break strength, load at 5% strain, abrasion resistance, and strain recovery, but the bending rigidity of the fabric increases. A synergistic effect of the two bonding mechanisms is greatest in fabrics that are poorly hydroentangled and have no possibility of hydrogen bonding. The effect of binder add-on tends to even out with well hydroentangled and hydrogen bonded fabrics. Fiber properties and type also play a significant role in the hydroentangling process; polyester hydroentangles very well while cotton and acrylic do not. The effect of binder choice on the properties was found not to be significant factor at these low add-on levels. A nonwoven manufacturer can use this experimental data to optimize end-use properties for his products by balancing the trade offs between the several physical properties.
